H1t is a testis-specific histone 1 variant restricted to the male germ line and expressed only in pachytene spermatocytes. Understanding the regulation of the H1t gene is an interesting challenge as its promoter shares all of the recognized control elements of standard somatic H1 genes, yet H1t is not expressed in somatic or in early spermatogenic cells. To investigate the mechanism of this apparent repression, we exchanged three promoter subregions between H1t and a major somatic H1 gene (H1d) by introduction of suitable restriction sites just 5 of the TATA box and 3 of the conserved H1 AC box. Hybrid promoters were joined to a lacZ reporter gene and assayed by transient transfection in NIH3T3 fibroblasts. In this system the wild type H1d promoter was 20-fold stronger than the H1t promoter. Much of this difference in activity was traced to inhibitory sequences immediately downstream of the TATA box in H1t, although sequences upstream of the H1t AC box and within the H1t 5-untranslated region played some role as well. A series of deletions and short oligonucleotide mutations scanned across the region between the TATA box and cap site identified two tracts of C (GC box 2) as the inhibitory sequences. While both Sp1 and Sp3 bind to this region weakly in vitro, they are unlikely to be responsible for the inhibitory effect of GC box 2, and additional binding proteins (CTB-4 and CTB-5) were identified by electrophoretic mobility shift assays as better candidates for mediating the repressive effect. When repression of the H1t promoter was relieved by mutation of GC box 2, additional mutations introduced into GC box 1 upstream of the CAAT box led to a large decrease in activity, indicating that these two G/C-rich elements have opposite effects on promoter activity.
H1t is a testis-specific histone 1 variant restricted to the male germ line and expressed only in pachytene spermatocytes. Understanding the regulation of the H1t gene is an interesting challenge as its promoter shares all of the recognized control elements of standard somatic H1 genes, yet H1t is not expressed in somatic or in early spermatogenic cells. To investigate the mechanism of this apparent repression, we exchanged three promoter subregions between H1t and a major somatic H1 gene (H1d) by introduction of suitable restriction sites just 5 of the TATA box and 3 of the conserved H1 AC box. Hybrid promoters were joined to a lacZ reporter gene and assayed by transient transfection in NIH3T3 fibroblasts. In this system the wild type H1d promoter was 20-fold stronger than the H1t promoter. Much of this difference in activity was traced to inhibitory sequences immediately downstream of the TATA box in H1t, although sequences upstream of the H1t AC box and within the H1t 5-untranslated region played some role as well. A series of deletions and short oligonucleotide mutations scanned across the region between the TATA box and cap site identified two tracts of C (GC box 2) as the inhibitory sequences. While both Sp1 and Sp3 bind to this region weakly in vitro, they are unlikely to be responsible for the inhibitory effect of GC box 2, and additional binding proteins (CTB-4 and CTB-5) were identified by electrophoretic mobility shift assays as better candidates for mediating the repressive effect. When repression of the H1t promoter was relieved by mutation of GC box 2, additional mutations introduced into GC box 1 upstream of the CAAT box led to a large decrease in activity, indicating that these two G/C-rich elements have opposite effects on promoter activity.
Spermatogenesis is the only example of cellular development in mammals that involves expression of tissue-specific histone variants (1) (2) (3) . H1t
1 is a testis-specific linker histone variant, appearing late in the prophase of meiosis I in pachytene spermatocytes, retained in early haploid cells, and lost from the nucleus prior to release of mature sperm (3) (4) (5) . While the amino acid sequence of H1t has a number of novel features (6, 7) , it is clearly related to the standard somatic H1 histone family (8) . Isolation of the H1t gene from several mammals (9 -12) revealed that the promoter region also shows a surprising similarity to those of standard somatic H1 variants (13, 14) . Homologies include a TATA box, a CAAT box, a GC box, and an H1-specific AC motif within 100 nucleotides of the cap site as well as an inverted AC motif located farther upstream (15) . Despite these shared regulatory elements, H1t expression differs almost completely from that of the common somatic H1 variants. Common variants are produced during S phase of the cell cycle to accommodate the duplication of the chromosomes (14) , whereas H1t is expressed only in pachytene spermatocytes, well after completion of replicative DNA synthesis (4, 5, 16, 17) . As the presence of H1t mRNA correlates with H1t synthesis (3, 5, 9, 16, 17) , major control of H1t expression is expected to occur at the transcriptional level.
Because of its obvious sequence relationship to the common H1s, H1t probably originated as a somatically expressed, cell cycle regulated gene (or as a duplication of such a gene) that was captured by the male germ line. The first step in this proposed capture may have been a change in the promoter that allowed expression during the long G 2 period of the first meiotic division. Following up-regulation during male meiosis, a second change may have occurred to down-regulate H1t expression in somatic cells. Negative regulation plays an important role in eukaryotic gene expression (reviewed in Refs. 18 and 19) , and this second change permitted H1t to evolve solely to fit the requirements of spermatogenesis. Changes in both positive and negative regulation may have developed over time to involve multiple reinforcing mechanisms.
If H1t is indeed subject to negative regulation in somatic cells, elimination of this negative regulation should lead to an increased somatic activity of its promoter. Prior work suggests that such negative regulation must be controlled effectively by sequences in the near upstream region. Transgenic studies showed that expression of the natural rat H1t gene was directed exclusively to the male germ line by as little as 141 bp of 5Ј-flanking sequence (20) . Further, with fusion genes stably transfected into mouse L cells, Kremer and Kistler (21) found that H1t-directed constructs were some 10-fold weaker than those with a somatic H1 promoter regardless of whether 174 bp or 2 kb of H1t upstream sequences were present. Because H1t and common H1 promoters share so many sequence elements, it seemed possible to identify the element(s) of the H1t promoter responsible for repression in somatic cells by systematically exchanging small regions between H1t and the somatic variant H1d (22) and then comparing activities of the constructs in transfected cells. In results presented here, we identified two regions of the H1t promoter that suppress H1d activity. The strongest inhibitory effect was localized to a C-rich sequence located between the TATA box and the cap site of H1t. Although this sequence element binds members of the Sp1 family of transcriptional regulators in vitro, the interaction is relatively weak, and other binding factors were identified by gel mobility shift assays that are candidate repressors for H1t in somatic cells.
MATERIALS AND METHODS
Plasmids-Standard methods were used for constructing recombinant DNA molecules (23, 24) . The Escherichia coli ␤-galactosidase expression vector pSClac was made by ligating the lacZ expression module from placI (20) to the XbaI and SmaI sites of pBLCAT6 (25) . To join the wild type H1t promoter to pSClac, an XbaI linker was introduced into the blunted Tth111I site of rat H1t at ϩ70. Short (PstI, Ϫ141) and long (NcoI, Ϫ918) forms of the H1t promoter were fused to pSClac via this XbaI site. The wild type rat H1d promoter was fused to pSClac as a NsiI (Ϫ212) to XhoI (ϩ33) fragment. H1d designates the fourth standard rat H1 variant to elute during chromatography on BioRex 70 (26) and corresponds to H1e in the terminology of Lennox and Cohen (27) .
To exchange promoter modules between H1t and H1d, MfeI and BssHII sites were created as indicated in Fig. 1 (28) . Because pSClac has a BssHII site, the promoter fragments were transferred to pUC18 as HindIII to XbaI fragments for mutagenesis and promoter module exchange, and were subsequently religated to pSClac. All mutants were verified by sequencing, using the dideoxynucleotide method (29) .
Plasmids containing 3Ј deletions of H1t were made using convenient restriction sites at ϩ12 (HaeII) and ϩ25 (RsaI). Similarly, pSC60, 61 and 62, which contain 3Ј deletions of the H1t promoter/5Ј-UTR fused to downstream H1d sequences, were constructed using convenient restriction sites as described in the legend to Fig. 3 . Small mutational changes were typically made by ligating synthetic oligonucleotides between unique restriction sites. In general these mutational changes were performed and verified by sequencing in pUC18 with promoter fragments then transferred to pSClac. The cytomegalovirus enhancer/promoter (30) was obtained from pCMV␤ (31) as a PstI (Ϫ623) to SacI (Ϫ12) fragment. A BssHII site was created upstream of the TATA box by in vitro mutagenesis (28) , and the resulting PstI to BssHII fragment was joined to the appropriate H1 promoter region in pSClac.
Synthetic Oligonucleotides-The double-stranded oligonucleotides used in gel shift assays are shown in Scheme 1. Lowercase letters indicate nucleotide extensions to permit cloning into a BamHI site.
Sp1 consensus gatccGTGGCCCCGCCCCTATC gCACCGGGGCGGGGATAGctag
H1t GC Box 2
gatcTAAGGCCCCCCCCCGGACCCCCTCg ATTCCGGGGGGGGGCCTGGGGGAGcctag
H1t C-9 tract gatccAAGGCCCCCCCCCGGta gTTCCGGGGGGGGGCCatctag SCHEME 1
Transient Transfection and Reporter Assays-NIH3T3 mouse fibroblasts were maintained in Dulbecco's modified Eagle's medium (Life Technologies, Inc.) supplemented with 10% calf serum in a humidified incubator at 37°C in an atmosphere of 5% CO 2 . Plasmid DNA was isolated with Qiagen ion exchange columns (Qiagen, Chatsworth, CA). Cells in 100-mm dishes were transfected by the calcium phosphate technique (32) using 10 g of test plasmid, 9 g of pBluescript as carrier (Stratagene, La Jolla, CA), and 1 g of a control plasmid (pSV2Apap) expressing human placental alkaline phosphatase (33) . After 48 h transfected cells were lysed by three cycles of freezing and thawing in 50 mM Tris-HCl, pH 7.5, 10 mM NaCl, 5 mM MgCl 2 , 0.5% (w/v) Nonidet P-40 (34) , and following centrifugation for 5 min at full speed in an Eppendorf microcentrifuge, the supernatant extract was retained. Alkaline phosphatase activity of a heat-treated sample was determined as described previously (21) . ␤-Galactosidase assays were carried out in 1 mM MgCl 2 , 45 mM 2-mecaptoethanol, 2.9 mM o-nitrophenyl ␤-D-galactopyranoside, 0.1 M sodium phosphate, pH 7.5 (24) . Both alkaline phosphatase and ␤-galactosidase assays were done in final volumes of 200 l using flat-bottom 96-well plates at 37°C by monitoring absorbance at 410 nm at 10-min internals for 1 h with a Dynatech MR650 plate reader. Protein was estimated by the Bradford assay (35) using the dye reagent from Bio-Rad. ␤-Galactosidase assays were normalized for alkaline phosphatase activity (as a measure of transfection efficiency) and for protein. The wild type H1d-lacZ construct was used in each set of transfections, and its ␤-galactosidase activity was assigned a value of 100. The activities of all test constructs were then expressed relative to this reference. Under the conditions described, the activity of the wild type H1d reporter was typically an increase in absorbance of about 0.2/min/mg of protein. Each construct was tested in a minimum of three separate experiments with three replicate dishes/experiment. Results are presented as the average of the experiments with error bars indicating standard deviations. In some experiments, transfected cells were stained for ␤-galactosidase activity essentially as described (36) .
Electrophoretic Mobility Shift Assay-Whole cell extracts from NIH3T3 cells were prepared as described previously (37) , and tissue nuclear extracts were prepared as described by Lichtsteiner et al. (38) . Electrophoretic mobility shift assay was conducted as described previously (39) in a final volume of 12.5 l, containing 3 g of extract protein, 1 g of poly(dI-dC) (Boehringer Mannheim), 2-6 fmol of 32 P-end-labeled probe (25,000 cpm), 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM MgCl 2 , 0.5 mM EDTA, and 5% glycerol. Following incubation for 20 min on ice, the mixture was loaded onto a 5% polyacrylamide gel (10 cm high, 1.5 mm thick) containing 45 mM Tris, 45 mM boric acid, 1.25 mM EDTA, and separated at 150 V for 1.75 h at room temperature. The gel was dried and exposed to Kodak XAR film at Ϫ70°C in the presence of an intensifying screen overnight. Unlabeled competitor DNA fragments were added to reaction mixtures at a 10-fold excess and preincubated for 5 min on ice prior to adding the labeled probe. Antibody supershift assays were performed by preincubating the complete assay minus the labeled probe with 1 l of antiserum for 1 h on ice. Antisera were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) for AP2 (SC-184X), EGR-1 (SC-189X), Sp1 (SC-59X) and Sp3 (SC-644X), and an independent antiserum for Sp3 was kindly provided by G. Suske.
RESULTS

Comparison of Activities of the H1t and H1d
Promoters in NIH3T3 Cells-It was previously reported that the promoter from common somatic H1 variant H1d was considerably stronger than the H1t promoter in directing expression of the chloramphenicol acetyl transferase gene in stably transfected mouse L cells (21) . To establish that this difference is also true for transiently transfected NIH3T3 cells, we fused long (Ϫ918/ ϩ70) and short versions (Ϫ141/ϩ70) of the rat H1t 5Ј-flanking/ 5Ј-UTR region to the lacZ reporter plasmid pSClac. These constructs were compared with the same reporter gene under control of the H1d promoter/5Ј-UTR (Ϫ212/ϩ29). Upon transfection into NIH3T3 cells, the short H1t promoter was slightly more active than the long (relative activities of 3.9 Ϯ 2.1 and 3.0 Ϯ 0.9 respectively). However, the H1d promoter was at least 20-fold stronger than either of the H1t constructs. These results confirmed the low activity of the testis-specific promoter in transfected mouse cell lines. We subsequently focused on the proximal region of the H1t promoter in comparison to H1d to pinpoint sequence elements responsible for H1t inhibition.
Exchange of Promoter Regions between H1t and H1d-The markedly greater activity of the H1d promoter could reflect H1d-specific activating elements, H1t-specific inhibitory elements, or a combination of these. Because of the general similarity between these H1 promoters, we reasoned that it might be possible to identify activating or inhibitory nucleotide elements by exchanging sequence regions between them. We used site-directed mutagenesis to introduce restriction sites that divided the promoters into three regions defined by an MfeI site just downstream from the proximal H1 AC box and a BssHII site between the CAAT and TATA boxes (Fig. 1) . We verified that introduction of these sites had no detectable effect on the activity of either promoter in transient transfections (results not shown).
All six possible hybrid promoters between H1t and H1d were generated, and the activity of each hybrid was then determined after transient transfection and compared with the activities of the wild type promoters. Exchange of region 1, extending from the TATA box to the fusion point in the 5Ј-UTR, had the most dramatic effect. Introduction of H1d region 1 into H1t led to a 10-fold increase in activity (Fig. 2, lane D) . Conversely, introduction of region 1 of H1t into H1d led to more than a 20-fold decrease in activity (Fig. 2, lane H) . Region 2, encompassing the sequence between the proximal H1 AC box and the TATA box, had a neutral effect. Transfer of H1d region 2 to H1t did not lead to promoter activation (Fig. 2 , lane C), and transfer of H1t region 2 to H1d did not lead to inhibition (Fig. 2 , lane G). Region 3, extending from the proximal H1 AC box upstream, also had significant effects, although not so striking as did region 1. Transfer of H1d region 3 to H1t led to a slight increase in activity (Fig. 2, lane B) , whereas transfer of H1t region 3 to H1d led to 4-fold reduction in activity (Fig. 2, lane F) .
Comparison of the plasmids used in these experiments showed that all constructs bearing region 1 of H1t had very low activity, whereas all constructs bearing region 1 of H1d had relatively high activity. While differential effects of upstream region 3 were also observed, they were not as pronounced as those of region 1. In particular, the introduction of H1d region 3 into H1t led to only a 2-fold increase in activity, whereas the introduction of H1d region 1 led to a 10-fold increase (Fig. 2,  lanes B and D) . Therefore, in subsequent experiments we concentrated on a comparison of the differences between region 1 of H1d and H1t.
Mapping Repressive Elements of H1t Region 1 by Deletion-To localize the sequence of region 1 responsible for low H1t expression, we generated 3Ј deletions in the exchange construct d-d-t (Fig. 3) . As the deletions became more extensive, we substituted the comparable region from H1d to preserve the sequence environment of the cap site and to maintain an appropriate distance between the promoter and the reporter gene. Shortening the H1t 5Ј-UTR from ϩ70 to ϩ25 and then to ϩ12 led to successive increases in activity of about 2-fold (Fig.  3 , SC63 and SC62). Deletion to Ϫ4 had no additional effect on activity (Fig. 3, SC61) . However, deletion to Ϫ10 led to a large jump in activity, reaching 50% of the wild type H1d promoter (Fig. 3, SC60 ). The effect of the first two deletions to ϩ25 and ϩ12 were also confirmed for the wild type H1t promoter, and these also led to successive 2-fold increases in activity (Fig. 3 , H1t ϩ25, H1t ϩ12). These results indicated that most of the difference between H1d and H1t is accounted for by the 21-nucleotide region lying just downstream of the TATA box. This is a very G/C-rich region for both promoters. However, in the case of H1t the top strand consists predominantly of pyrimidines marked by 9-and 5-bp tracts of cytidine.
Detailed Characterization of the H1t Ϫ20/Ϫ2 Region by Mutational Analysis-If the low activity of the H1t region 1 was due to repressive DNA elements between the TATA box and cap site, then introduction of random mutational changes in this region would be expected to increase activity. If the low activity was due simply to the absence of activator binding sites found in the H1d promoter, then random mutational changes of H1t would have no consistent effect. Three mutants spanning the Ϫ20/Ϫ2 region were assayed and compared with wild type H1t activity. Changes that altered the Ϫ20/Ϫ13 and Ϫ13/Ϫ9 regions had moderate stimulatory effects (Fig. 4, SC1A and SC1B). However, a broader alteration in the Ϫ18/Ϫ8 region led to a 10-fold increase in activity (Fig. 4, SC1Cϩ70) . Disruption of this 11-nucleotide region increased the H1t promoter to approximately half the activity of the H1d promoter, a level comparable to the exchange construct t-t-d (Fig. 2) , in which all of region 1 was replaced by H1d.
In experiments described above we showed that deletions of the downstream end of the 5Ј-UTR increased H1t promoter activity in transient transfections. To determine whether such 3Ј deletions were stimulatory when combined with a strong up mutation in the TATA to cap region, the 11-nucleotide mutation of SC1C was combined with a 3Ј deletion to ϩ25. The combined mutations did result in slightly increased activity. However, the increase was not so large as when this 3Ј deletion was made to the wild type sequence (Fig. 4, SC1Cϩ25) . Based on the large increase in activity obtained from construct SC1C, a more detailed mutagenic analysis of the Ϫ20/Ϫ2 region of H1t was conducted. Small oligonucleotide changes were scanned across the region (Fig. 5) . Most of the mutations resulted in increases in activity in a position dependent manner. Changes that altered the C-9 tract (such as SC40 and SC41, Fig. 5 ), and changes that altered the C-5 tract (such as SC43, SC44, and SC10) led to 2-4-fold increases in activity. Conversely, changes that modified the GGA in the middle of the region (SC53) or the pyrimidines at the downstream end (SC45) had no effect. Combining the most effective mutations from the upstream end (SC40) and the downstream end (SC10) led to a nearly additive increase in activity (Fig. 5, SC40/10 ), comparable to the activity of mutant SC1C (Fig. 4) .
The fact that all these various mutants lead to increases in the activity of H1t is most readily explained if the H1t GC box 2 region contains cis-acting repressive elements. Mutants SC1C and SC40/10 each approached the activity of the regionexchange construct t-t-d (Fig. 2) , which can be used to estimate the activity expected if all inhibition were relieved from H1t region 1. The results of the localized mutational changes indicate that each of the C tracts plays a role in the inhibitory effects of H1t region 1.
Effect of Alterations to the Ϫ25/Ϫ17 GC Box of H1d-Having established that the C-rich regions just downstream of the TATA box play a major part in repressing the H1t promoter in NIH3T3 cells, observation of the comparable region of H1d revealed a core consensus site (GC box) for the Sp1 family of transcription factors (see Fig. 1 ). This was of particular interest because the C-9 tract of H1t is missing only the central G to be a perfect (inverted) Sp1 binding site. In fact, a C-9 tract has been determined to be a relatively poor Sp1 binding site (40) . The presence of inverted Sp1 binding sites in the two promoters suggested that the effect of an Sp1 binding site immediately downstream of the TATA box might be dependent on its orientation, with that in H1t being inhibitory. Therefore mutations were introduced into H1d that were designed to probe the possible role of its downstream GC box.
We made two mutational changes to the Ϫ25/Ϫ17 SP1 GC box of H1d. First we inverted it, so that the C-rich strand is uppermost, as is the C-rich strand in H1t. This change had no effect (Fig. 6, SC48) . We then introduced mutational changes designed to abolish binding by Sp1, and this change reduced promoter activity by a factor of 2 (Fig. 6, SC49) . These results indicate that the H1d Ϫ25/Ϫ17 GC box is not inhibitory in either orientation. To the contrary, it has a moderate stimulatory effect.
While Sp1 generally acts as a positive transactivator (41), other close relatives with the same binding specificity have been identified (42) (43) (44) , of which Sp3 acts primarily as a transcriptional repressor (44) . If a member of the Sp1 family was responsible for the inhibitory effect of the C-9 tract of H1t, a mutational change to make this sequence a better binding site would be expected to further repress H1t. To address this issue experimentally, we made a mutant in which a single G residue was introduced into the H1t C-9 tract to make a perfect Sp1 consensus (40) . Instead of being further inhibited, this construct had slightly elevated activity (Fig. 6, SC52) , a result that does not support the involvement of Sp1 family factors in the repressive effect exerted by H1t GC box 2.
Investigation of Position and Promoter Dependence of the H1t GC Box 2 Repressive Effect-We have already shown that the repressive effects of GC box 2 of the H1t promoter is effective in the context of a different promoter; however, the H1d promoter is from the same gene family. We therefore wondered if H1t GC box 2 could also repress an unrelated promoter. We tested this possibility by fusing several forms of region 1 to the cytomegalovirus promoter/enhancer, one of the strongest transcriptional activation units known.
We introduced a BssHII restriction site just upstream of the cytomegalovirus TATA box to permit fusion to promoter region 1 from H1d, H1t wild type, or mutant SC1C, which contains an activating mutation of GC box 2 (see Fig. 4 ). Each construct was assayed by transient transfection in NIH3T3 cells. While the activities of each of these constructs was about 100-fold greater than the activity of H1d wild type, the activity of CMV-H1t was about half that of CMV-H1d. Inhibition from H1t region 1 was relieved by the introduction of the SC1C GC box 2 mutation (results not shown). Thus, region 1 of H1t was inhibitory even in the presence of the enormous transcriptional activity of the CMV promoter/enhancer, and this inhibition was relieved by mutational alteration of GC box 2. Thus, GC box 2 has a general inhibitory effect on transcription, at least in its natural location.
To determine whether H1t GC box 2 is inhibitory in a position-independent manner, we introduced it at the upstream end of the H1d wild type promoter. For this purpose a version of the GC box 2 double-stranded oligo shown under "Materials and Methods" was made with overhangs to match a HindIII instead of a BamHI site, and it was then cloned into the upstream HindIII site of pSClac containing the wild type H1d promoter. At this location, H1t GC box 2 had no inhibitory effect on the H1d promoter (results not shown). Accordingly, H1t GC box 2 does not appear to act as a true transcriptional silencer, and its effect may be critically dependent on its location relative to other promoter features.
The Effect of GC Box 2 Was Observed in Additional Cell
Lines-The original observation of the difference between the H1t and H1d promoters was made in mouse L cells (21) . We have also compared the three constructs, H1t wild type, H1d wild type and H1t SC1C by transient transfection of a mouse kidney cell line (MCT cells) and a human hepatoma line (HepG2 cells). In these cases activity was monitored by staining transfected cells for ␤-galactosidase activity. Judging from numbers and intensities of blue cells observed, the relative levels of expression for each construct in these other cell lines were in line with those found in NIH3T3 cells (results not shown).
Detection of Proteins That Bind to H1t GC Box 2-It was of obvious interest to determine if specific factors bound to the GC box 2 region of H1t. Incubation of labeled H1t region 1 with protein extracts from NIH3T3 cells regularly generated 4 retarded bands following electrophoresis, designated 1-4 (Fig.  10, lane A) and sometimes to a fifth band not seen here. When H1d module 1 served as the probe, bands 1 and 2 were observed as well as an additional H1d-specific band (Fig. 10, lane F) . As an initial approach to identify the factors responsible for these bands, we examined the effects on the gel shift assay of specific antibodies to four factors with G/C-rich binding sites. Incubation with anti-Sp1 led to the selective loss of band 2 for both H1t and H1d fragments with the simultaneous appearance of a supershifted band (Fig. 7, lanes B and G) . Incubation with anti-Sp3 led to the selective loss of band 1 for both H1t and H1d (Fig. 7, lanes D and I) . We confirmed that only band 1 was affected by a second polycolonal Sp3 antiserum kindly provided by G. Suske (results not shown). Incubation with antibodies to AP2 and EGR1 had no effect (Fig. 7, lanes C, E, H, and J) . None of the antibodies had a striking effect on band 3 or 4. Identification of Sp1 and Sp3 as binding proteins is in agreement with the fact discussed previously that potential Sp1 sites occur just downstream of the TATA box in each promoter.
FIG. 5. Scanning oligonucleotide mutants of H1t GC box 2 assayed by transient transfection.
A comprehensive set of small oligonucleotide changes were made across the GC box 2 region by replacing the EcoO109I (Ϫ24) to Eco47III (ϩ8) restriction fragment with synthetic oligonucleotides containing the indicated mutations. These constructs were made in the H1t wild type (ϩ141/Ϫ70) promoter.
FIG. 6. Transient transfection analysis of mutants in the Sp1 binding sites downstream of the TATA boxes of H1d and H1t.
Mutations were introduced to the wild type H1d environment by replacing the BssHII (Ϫ44)-BsmFI (Ϫ13) restriction fragment with designed double-stranded synthetic oligonucleotides containing the indicated mutations, which either inverted the Sp1 consensus (SC48) or destroyed it (SC49). For H1t, the 9-C region immediately downstream of the TATA box was converted into a perfect Sp1 consensus by introduction of a single G (SC52). The EcoO109I (Ϫ24)-Eco47III (ϩ8) fragment was replaced with a synthetic oligonucleotide containing the mutation.
H1t Transcriptional InhibitionAll Shifted Bands for H1t Result from Factors That Bind to the C-9
Tract-To identify the binding motif(s) responsible for the shifted bands identified with H1t region 1, we cloned synthetic oligonucleotides corresponding to the entire GC box 2 region, the C-9 tract region, and an Sp1 consensus sequence into the BamHI site of pUC18. The polylinker region was then excised with EcoRI and HindIII, end-labeled, and used for gel shift assays. Bands for complexes 1 to 4 were observed with the full H1t region 1 probe (Fig. 8, lane A) , and for bands 1 and 2 with the full H1d region 1 probe (Fig. 8, lane B) . An additional relatively faint H1t-specific band of high mobility was observed in this experiment (band 5). All of the bands that were formed with the H1t region 1 probe were also obtained with the subcloned GC box 2 sequence (Fig. 8, lane C) , and even with the C-9 tract sequence (Fig. 8, lane I) . In separate experiments we verified that the pUC18 polylinker region without inserts did not give rise to any retarded bands (results not shown). Although both the GC box 2 and the C-9 tract oligos gave rise to the full set of retarded bands when present as part of the pUC18 polylinker, neither oligo gave rise to band 1 or 4 when used simply as an end-labeled oligonucleotide (results not shown). The reason for this behavior is not known.
An excess of unlabled Sp1 consensus oligo eliminated bands 1, 2, and 3, but had much less effect on band 4 or 5, regardless of whether the probe contained the entire GC box 2 (Fig. 8, lane  D) or just the C-9 tract (Fig. 8, lane I) . Conversely, competition with an excess of GC box 2 oligo completely eliminated bands 4 and 5, but had less effect on bands 1 (Sp3) and 2 (Sp1), regardless of whether the probe was GC box 2 (Fig. 8, lane E) or the C-9 tract (Fig. 8, lane K) . When the subcloned Sp1 consensus sequence was used as labeled probe, only bands 1, 2, and 3 were formed (Fig. 8, lane F) , and these were preferentially competed for by unlabeled Sp1 oligo (Fig. 8, compare lanes D and E) . Thus, while the C-9 tract is a binding site for each of the factors that gives rise to retarded complexes by gel shift analysis, the affinities of the several factors for this site vary. There was a clear preference of Sp1, Sp3, and the factor(s) accounting for band 3 for a consensus Sp1 site compared with the C-9 tract of H1t GC box 2. Conversely, factors accounting for bands 4 and 5 had a clear preference for the C-9 tract in comparison to a perfect Sp1 consensus.
Gel Shift Analysis of Binding Proteins for H1t GC Box 2 Mutations-Correlation of the retarded bands formed by various mutants of H1t GC box 2 with their transcriptional effects might implicate certain of the binding factors as potential repressors. Accordingly, DNA fragments from H1t region 1 containing GC box 2 mutants were labeled and used in gel mobility shift assays (Fig. 9) , and the 5 shifted bands previously noted were obtained for the wild type sequence (Fig. 9,  lane A) . Observation of the shifted bands formed from the various mutants led to the following correlations. Mutant SC40, which partially relieves repression by interrupting the C-9 tract, failed to form more than traces of bands 1-4, while a new faint band appeared migrating between band 1 and 2 (Fig.  9, lane B) . Mutant SC53, which interrupts the central GGA purine stretch of GC box 2, and which had no effect in the transient expression assay, generated all five shifted bands (Fig. 12, lane C) . Mutant SC10, which partially relieves repression by disrupting the run of 5 Cs, had little effect on formation of the shifted bands, although the intensity of band 4 was somewhat reduced (Fig. 9, lane D) . Mutants SC1C and SC40/ 10, which relieve repression completely by disrupting both the 9-C and the 5-C tracts, led to loss of all the shifted bands (Fig.  9, lanes E and F) .
We interpret the results of these gel shift experiments as follows. Sp1 and Sp3 bind to H1t GC box 2 in vitro, but they FIG. 7 . Identification of proteins that bind to H1t/H1d promoter module 1 by electrophoretic mobility shift assay. Module 1 from each histone was isolated as a BssHII to XbaI fragment, endlabeled with [ 32 P]phosphate, incubated with proteins from NIH3T3 cells in the presence of poly(dI-dC), and resolved by electrophoresis on a 5% polyacrylamide gel using 0.5 ϫ TBE. Where indicated, binding mixtures were preincubated with specific antisera prior to addition of labeled DNA probe fragments. The location of specific retarded bands is indicated as well as the unbound probe fragment (F). In some cases addition of an antiserum resulted in formation of a "supershifted" band (SS).
FIG. 8. Localizaton of binding sites on
H1t region 1 to the 9-C portion of GC box 2. Synthetic oligonucleotides for the GC box 2 region of H1t, the 9-C subregion of GC box 2, and a consensus binding site for Sp1 were subcloned into the BamHI site of the pUC18 polylinker. Gel shift assays were performed with NIH3T3 cell extracts and the end-labeled polylinker region containing specific cloned oligonucleotides. The H1t and H1d probes were for the whole of region 1, as used in Fig. 7 . Where indicated, a 10-fold excess of unlabeled oligonucleotide was added as competitor prior to addition of the labeled probe fragment. Locations of specific retarded bands are indicated. Exposure of lanes F, G, and H (Sp1 consensus probe) was for one-fourth of the time period of the other lanes. Apparently under the conditions of these assays the use of a perfect Sp1 binding site resulted in some 4-fold greater binding of Sp1 related proteins to this probe in comparison to the H1t GC box 2 sequences.
prefer an Sp1 consensus site, and may not bind to the C-9 tract sequence when better binding sites are available. The factors responsible for bands 4 and 5 prefer the 9-C region to a consensus Sp1 site, and are thus potentially responsible for the inhibitor effect of GC box 2 on H1t promoter activity. For the sake of further discussion, the factors accounting for bands 4 and 5 will be provisionally designated C tract-binding protein (CTB) 4 and 5. From the effect of various mutants on promoter activity in transient transfection assays, we know that disruption of both the 9-C and the 5-C stretch are necessary for maximum relief of the inhibitory activity of GC box 2. In binding assays, alterations in the 9-C run eliminated band 4, but alterations in the 5-C run alone had little or no effect on band 4. Band 5 formation was not effected by single mutations in either the 9-C or 5-C runs, but was eliminated by both of the mutations that affected both C runs. These results allow us to make a tentative conclusion that band 4 requires a nearly perfect stretch of Cs, longer than 5, and perhaps as long as 9 for optimal formation. Band 5, in contrast, may form on a shorter stretch of Cs, or tolerate some substitution by T, so that it forms with either the 9-C or the 5-C runs. Band 5 is then eliminated only when both C tracts are disrupted. Therefore, CTB-5 is the best candidate to account for the repressive action of GC box 2, while CTB-4 may also be involved, perhaps cooperating with CTB-5.
Bands 4 and 5 Are Formed by Gel Shifts with Rat Tissue
Extracts-To determine if rat tissues contained nuclear DNAbinding proteins comparable to CTB-4 and CTB-5, nuclear extracts were prepared from rat liver, kidney, and testis and used in gel shift experiments. Extracts from these organs generated bands comparable to all those formed from NIH3T3 cells, though with somewhat different relative intensities (Fig.  10, lanes B and E; kidney not shown). Competition with an excess of unlabeled Sp1 consensus oligo or GC box 2 oligo showed that bands 4 and 5 generated by rat extracts also result from preferential binding to GC box 2, while bands 1 and 2, identified with Sp3 and 1, respectively, show preferential binding to the Sp1 consensus oligo (Fig. 10, lanes C, D, F, and G) . These results indicate that the bands generated by NIH3T3 cell extracts result from relatively common nuclear proteins that are found in rats organs as well. Thus, factors CTB-4 and CTB-5 are good candidates for participating in the repression of the H1t promoter in vivo.
H1t GC Box 1 (Ϫ80/Ϫ71) Is Essential for High Level H1t
Promoter Activity--Results presented thus far have shown that repression of rat H1t is brought about in large part by the GC box 2 region, which serves as a weak binding site for Sp1. At the same time, H1t, in common with other H1 promoters, has an Sp1 consensus (GC box 1) farther upstream, just beyond the CAAT box (see Fig. 1 ). In vitro analysis of the H1t promoter has shown that GC box 1 is of major importance for transcriptional activation (39) . However, the role of GC box 1 has not been investigated in cell transfections. Discovery that the general inhibition of H1t promoter activity in transfected cells can be substantially lifted by mutations in GC box 2 made possible investigation of the role of GC box 1 under conditions of derepressed H1t activity. Accordingly, using both wild type H1t and the SC1C mutant (Fig. 3) we introduced nucleotide changes that disrupt GC box 1. When tested by transient transfection of NIH3T3 cells, this mutation led to only a modest reduction in activity of the already severely repressed wild type promoter (Fig. 11) . However, assay of a mutant GC box 1 in the presence of mutant GC box 2 resulted in a profound 9-fold decrease in activity of the derepressed promoter (Fig. 11, compare SC9 to  SC1C ). This result confirms that GC box 1 plays a major activating role on the H1t promoter, particularly under conditions of derepression. Nuclear protein extracts were prepared from rat liver and testes as described under "Materials and Methods." H1t region 1 (BssHII-XbaI) was used as the labeled probe fragment. Where indicated, unlabeled competitor oligonucleotides were added at 10-fold excess relative to the labeled probe. Locations of specific retarded bands are indicated.
H1t Transcriptional Inhibition
strand of this region consists largely of pyrimidines, notable for a 9 and 5 bp run of C separated by GGA (GC box 2). Scanning mutagenesis indicated that changes in the first or second runs of C led to 2-4-fold increases in promoter activity, while greater activation (7-10-fold) resulted from mutations that simultaneously disrupted both runs of C. These results indicate that GC box 2 is an inhibitor when joined to either H1t or to a standard H1 promoter and that both runs of C are important for repression while the central GGA is apparently not critical.
A previous study showed that H1t GC box 2 was covered by a strong DNase I footprint when using nuclear extracts from rat organs (39) . To identify specific binding proteins for this region we performed gel shift assays. A labeled H1t fragment extending from the TATA box to ϩ70 gave rise to five retarded bands when incubated with NIH3T3 whole cell extracts. An oligonucleotide containing just the 9-C tract portion of GC box 2 also generated each of these retarded bands when cloned into the pUC18 polylinker. This result confirmed the importance of the GC box 2 region and identified a complex set of proteins to consider as potential repressors.
Sp1 and Sp3-Promoter fragments from both H1t and H1d that extend from the TATA box past the cap site formed specific complexes with transcription factors Sp1 and Sp3, as shown by gel shift analysis in the presence of specific antisera. It seems likely that these factors bind to the Sp1 consensus (41) in H1d located just downstream of the TATA box and to the 9-C stretch in GC box 2 of H1t. While Sp3 is a widely expressed inhibitory factor (42) (43) (44) , and Sp1/Sp3 binding sites have been implicated as repressors when located between the TATA box and cap site in some cases (45, 46) , it seems unlikely that Sp1/Sp3 are responsible for the inhibitory effect of GC box 2. First, mutational alterations to the Sp1/Sp3 site in H1d that either inverted the sequence or destroyed it did not lead to marked changes in promoter activity and suggested at best that the site may have a mild activating influence. Second, the 9-C stretch in H1t is known to be only a very weak Sp1 binding site (40) that may not be significant in vivo. Competition studies showed that, as expected, an Sp1 consensus sequence bound Sp1/Sp3 much better than the GC box 2 region. Finally, a mutation that converted the 9-C region of GC box 2 to a perfect Sp1 consensus relieved inhibition rather than intensifying it.
Additional Binding Factors-Three other retarded complexes were identified as bands 3, 4, and 5. The factor(s) responsible for band 3, though not affected by Sp1 and Sp3 antisera, had a clear preference for an Sp1 consensus in contrast to GC box 2 or the C-9 tract and appears to be related to the Sp1. As band 3 was also observed with the H1d probe, it does not seem to be associated with the inhibitory aspects of H1t GC box 2.
The factor accounting for band 4, provisionally designated CTB-4, was competed for more readily by GC box 2 or by simply the C-9 tract than by an Sp1 consensus. Band 4 was specific to H1t, and was lost by the introduction of mutations into the 9-C region of GC box 2. Therefore, CTB-4 is a candidate for mediating the repressive effects of this region. It does not seem to account for the repressive effects of the more downstream region of Cs since it did not bind to versions of the promoter that retained this sequence region intact.
Band 5, produced by the factor provisionally designated CTB-5, was not always observed during assays with NIH3T3 cell extracts. However, it was readily apparent in gel shifts performed with rat tissue extracts. Like CTB-4, CTB-5 was also competed for preferentially by GC box 2 in comparison to an Sp1 consensus. Most interestingly, CTB-5 bound to versions of GC box 2 that contained mutations in either the upstream or downstream run of Cs, but not to versions in which both runs of C were disrupted. This behavior correlates well with the effect of these mutations on promoter activity in transient transfection assays, since maximal relief of inhibition occurred only when both C tracts were disrupted.
Inhibitory factors that bind to poly(C) tracts have been described for the mouse ␣1(I) collagen promoter (IF-2) (47) and for the rat fibronectin promoter (G10B) (48, 49) . However antisera have not been reported for these factors, and their relevance to the binding proteins identified here remains speculative. A protein that binds homopolymer tracts of G was identified some time ago in chicken erythrocytes but was reported to be cell type-specific (50, 51) . While AP2 (52) has a GC-rich binding site related to GC box 2, an AP2 antiserum failed to react with any of the complexes formed with GC box 2 during mobility shift assays. Interestingly, control of the histone H1°promoter involves several sites that consist of stretches of 6 Gs, though these sites were reported to be stimulatory (53) .
Activating Effect of GC Box 1 Demonstrated in the Context of the Derepressed H1t
Promoter-An earlier study of the H1t promoter demonstrated that GC box 1 is a good binding site for Sp1-like factors, and a strong stimulatory site for in vitro transcription (39) . Since GC box 2 is shown here to be an inhibitory site, we reinvestigated the activating role of GC box 1 in the context of a mutation that relieved inhibition at GC box 2. Introduction of a 4-bp mutation that eliminates Sp1 binding to GC box 1 reduced H1t promoter activity by 9-fold, thus confirming the stimulatory effect of this conserved H1 promoter element for H1t expression and emphasizing the different effects of the two GC box regions.
Possible Relationship of an H1t Inr to Promoter Activity and Inhibition-It is now recognized that RNA polymerase II-dependent genes may use two methods of fixing the cap site and assembling the general transcription factors. One involves the TATA box and TFIID. The other involves a sequence overlapping the cap site known as the Inr, which may interact with the general transcription machinery in several ways (reviewed in Refs. 54 and 55). In some cases composite promoters occur that FIG. 11 . Effect of mutations in H1t GC box 1 on promoter activity as assayed by transient transfection. A 4-nucleotide mutation was introduced into GC box 1 of H1t by substituting a doublestranded synthetic oligonucleotide between the EcoNI (Ϫ83) and StyI (Ϫ65) sites of wild type H1t (to generate SC5) or of SC1C (Fig. 4) (to generate SC9). These constructs were then assayed by transient transfection of NIH3T3 cells in parallel with wild type H1t and SC1C. Results are normalized to the activity of wild type H1d.
contain both TATA boxes and an Inr. H1t as well as H1d may be composite promoters as the sequences surrounding the cap site are good matches to the loose Inr consensus YYA ϩ1 N(T/ A)YY (56) . Introduction of mutations in this region was avoided to prevent interfering with possible Inr function and to concentrate on separate repressive elements. Since transcriptional initiation involves a complex assembly of a large number of proteins about the cap site (54, 55) , the presence of a possible Inr region offers one more site of molecular interaction that could be disrupted by binding factors for H1t GC box 2.
In our earlier investigation, comparison of the H1t and H1d promoters by in vitro transcription did not demonstrate consistent differences using liver or testis extracts (39) . We do not know why the strong inhibitory effect of H1t GC box 2 seen with transient transfections was not observed with in vitro transcription. Perhaps the effects of GC box 2 depend on the promoter being in a chromatin environment (57) .
Results described here support the hypothesis that an essential component of the tissue-specific and developmentally specific regulation of the H1t gene lies in factors that suppress its activity. Further studies are required to determine which binding factors for GC box 2 are responsible for its inhibitory activity and the manner in which these factors act to regulate H1t expression during spermatogenesis.
